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Abstract
Hadronic resonances are among the most interesting probes of the hot and dense matter created in Pb + Pb collisions. Due to
their short lifetime, they are sensitive to the anticipated chiral symmetry restoration as well as to suppression and regeneration due
to hadronic interactions in the final state. At intermediate and high transverse momenta (pT) resonances which cover the range of
masses between the light pions and heavier protons contribute in systematic study of the baryon puzzle and parton energy loss in
the dense medium. Studies in p + Pb collisions are important for the interpretation of heavy ion results as they allow to decouple
and understand the cold nuclear matter effects from final state effects.
The systematic study of the phi (1020) meson production at mid-rapidity in p + Pb collisions at LHC energies has been performed.
In this article the most recent results of these studies including pT spectra and nuclear modification factor distributions in p + Pb
collisions at an energy of 5.02 TeV are presented.
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(QGP) [1-3]. In laboratory conditions such a transition
can occur in relativistic heavy ion collisions. The detailed
study of the phase transition and the properties of the new
state of matter is the main goal of experiments at the
RHIC (Relativistic Heavy Ion Collider) [4] and ALICE
experiment at the LHC (Large Hadron Collider) [5]. It
is not possible to interpret the results obtained in heavy
ion collisions without fully understanding the smaller
collision systems like proton–proton or proton–nuclei.
The comparison of results from interactions of light and
heavy systems can help to separate the effects related toion and hosting by Elsevier B.V. This is an open access article under
0/).
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Fig. 1. Invariant mass distributions of oppositely charged kaons in
(p + Pb)-collisions at 5.02 TeV before (a) and after (b) combinatorial
background subtraction. Black dots are the experiment; open mark-
ers indicate the combinatorial background estimated using the mixed
events technique (a); the solid line is the distribution approximation by
a complex function; the dashed line is the polynomial for the remaining
correlated background (b).the formation of the cold nuclear matter or hot and dense
matter associated with quark–gluon plasma.
The experimental observation of hadron production
suppression at high transverse momentum (pT) in cen-
tral heavy nuclei collisions was one of the most impor-
tant results obtained at the RHIC [6, 7]. The suppression
could not be explained by the cold nuclear matter ef-
fects. In previous studies performed in p + A and A + A
collisions at lower energies the production of hadrons
at high transverse momentum (pT > 2 GeV/c) was en-
hanced [8]. The enhancement called the Cronin effect [9]
was explained by multiple soft rescattering of partons in
nuclear matter before hard interaction.
Study of light vector mesons production can help
to better understand the dominating hadron production
mechanisms in different collision systems and shed some
light on the properties of the hot and dense matter pro-
duced in central ultrarelativistic heavy nuclei collisions.
In this sense one of the most promising particles is the
ϕ-meson which is sensitive to various effects related to
phase transition such as strangeness enhancement, chi-
ral symmetry restoration, and partons energy loss. For
systematic studies of these effects, the ϕ-meson produc-
tion needs to be measured not only in heavy ion collisions
but also in proton–proton and proton–ion collisions. The
collision of light and heavy nuclei is a good instrument
for estimating the cold nuclear matter effects vital for the
interpretation of hot nuclear matter effects.
In this article we discuss the invariant differential
production spectra measured for ϕ-mesons in p + Pb
collisions at
√
SNN =5.02 TeV at different centralities.
Nuclear modification factors for ϕ-mesons in p + Pb in-
teractions have been determined using the obtained data.
2. Reconstruction of the ϕ-meson differential
invariant production spectra
All results presented in this article are based on the
analysis of data collected by the ALICE experiment at
the LHC in p + Pb collisions at the energy of √SNN =
5.02 TeV in 2013. A detailed description of the detector
setup and the aims and goals of the ALICE experiment
are presented in [10].
About 100 million events were used for measuring
the invariant differential production spectra of ϕ-mesons
in p + Pb collisions at √SNN = 5.02 TeV. Each event
was checked to have proper trigger information (based
on the information from the V0 detector). Events were
also checked for pile-up (two or more events recorded as
one). Additionally it was requested that each event had
a reconstructed vertex lying in a range |Zvrtx| < 10 cm
along the beam axis.The analysis was performed for a ϕ-meson decay
channel of two oppositely charged kaons. Charged
particle tracks were reconstructed in the main tracking
detectors of the ALICE experiment: TPC and ITS.
The set of analysis cuts was optimized and applied for
charged track selection. These cuts were determined by
the requirement to accept only high quality tracks in
order to improve signal-to-background ratio. Because
of the high level of combinatorial background that is
due to the high multiplicity of particles produced in the
events, the extraction of the signal at low transverse mo-
mentum was not possible without particle identification
(PID) provided by the experimental setup. All results
were obtained with PID in the region pT < 3 GeV/c
and without PID in the region pT > 3 GeV/c. Particle
identification was performed using the information from
TPC (ionization losses measurements) and TOF (time
of flight measurements) detectors.
After all selections, the invariant mass distributions
of two oppositely charged tracks were accumulated for
each analyzed transverse momentum range. Obtained
distributions contained not only signal but also combi-
natorial background. The combinatorial background was
estimated using the mixed events technique. The mixed
events were required to have similar centralities and re-
constructed vertex coordinates. After the combinatorial
background subtraction the remaining distribution was
fit to a complex function in order to extract the ϕ-meson
yields. The function consisted of the convolution of the
Breit–Wigner function (signal) and the Gaussian func-
tion (mass resolution of the detector) plus a second-order
polynomial for the remaining correlated background.
In Fig. 1 the invariant mass distribution of oppositely
charged tracks with an example of the fit is presented for
one of the analyzed transverse momentum bins.
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Fig. 2. Invariant differential production spectra of ϕ-mesons measured
in (p + Pb)-collisions at √sNN = 5.02 TeV at the following centralities:
0–5% (1), 5–10% (2), 10–20% (3), 20–40% (4), 40–60% (5), 60–80%
(6). Spectra for different centralities were multiplied by the respective
scaling coefficients: 10 (1), 5 (2), 2 (3), 1(4), 0.5 (5), 0.2 (6). Vertical
markers indicate the statistical uncertainties, rectangles indicate the
statistical measurement errors.The reconstruction efficiency of ϕ-mesons in the
ALICE detector and its mass resolution were estimated
using the Monte-Carlo simulation. The well-known DP-
MJET code was used as an event generator. Generated
particles and their decay products were traced through
the experimental setup using the GEANT software. The
extracted efficiency rapidly increases with transverse
momentum and becomes flat at pT > 6 GeV/c. The range
of ϕ-meson measurements is limited by a small recon-
struction efficiency at low transverse momentum and by
the integrated luminosity of the obtained experimental
data at high momentum.
Invariant differential production spectra forϕ-mesons
were calculated using the following formula:
1
2πN pT
d2N
d pT dy
= 1
2π
εtrig
Nev
1
pT
1
eff × BR
Nϕ
ypT
,
where Nev is the number of events for analysis; pT is a
transverse momentum (centered in the analyzed range of
its values); BR is a probability for a ϕ-meson to decay
into two charged kaons (48.9% [11]); Nϕ is the number of
ϕ-mesons (measured in analyzed transverse momentum
and rapidity range); eff is a reconstruction efficiency per
acceptance; εtrig is a trigger efficiency correction.
The systematic uncertainty of measurements was es-
timated as equal to 7–13% depending on the particle
transverse momentum. The main sources of systematic
uncertainty are:
(1) the tracking efficiency uncertainty which is deter-
mined by mismatches in probabilities of TPC-to-
ITS matching between data and Monte-Carlo (3%
for a single track and 6% for a pair of tracks) [12];
(2) the uncertainty in extracting the ϕ-meson yields by
approximating the invariant mass measured distri-
butions of oppositely charged tracks pairs (3–11%
depending on the transverse momentum).
3. Experimental results from the ALICE detector
Invariant differential production spectra of ϕ-mesons
were measured in p + Pb collisions at √sNN = 5.02
TeV at different centralities. In the centrality range of
0–100%, the results were obtained in the transverse mo-
mentum range up to 21 GeV/c. For narrower centrality
bins the results were obtained up to 16 GeV/c for all cen-
tralities except the most peripheral collisions where re-
sults were obtained only up to 13 GeV/c. All spectra were
measured in the central rapidity range (–0.5 < ycms <
0) and are presented in Fig. 2. Spectra for different cen-
tralities were arbitrarily scaled for better visibility.To estimate the nuclear modification factor for
ϕ-mesons the particle production cross section in ele-
mentary p + p collisions needs to be determined. Since
there was no p + p runs at √s = 5.02 TeV at the LHC, the
reference spectrum for ϕ-mesons was estimated using
the invariant production spectra of ϕ-mesons measured
in p + p collisions at √s = 2.76 TeV and 7 TeV.
Invariant production cross section of ϕ-mesons in
p + p collisions at √s = 5.02 TeV was extracted via
interpolation of results obtained in p + p collisions at
energies of
√
s = 2.76 and 7 TeV. Such an interpolation
was performed for each analyzed transverse momentum
bin and was based on the power law dependence of par-
ticle production cross section on collisions energy. Sta-
tistical uncertainties were calculated within the interpo-
lation process and the largest systematic uncertainty for
ϕ-mesons production cross section in p + p interactions
at
√
s = 2.76 and 7 TeV was considered as systematic
uncertainty for interpolated ϕ-mesons production cross
section in p + p interactions at √s = 5.02 TeV.
The nuclear modification factor for ϕ-mesons in
p + Pb collisions at √sNN = 5.02 TeV was extracted
based on the results obtained in p + p and p + Pb col-
lisions. The nuclear modification factor is determined
as:
RAB = dN
p
AB
TAB × dσ pNN
,
where dN pAB is the differential particle yields in (А+ В)-
interactions; dσN N p is the production cross-section in
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Fig. 3. The dependence of the nuclear modification factors for
ϕ-mesons (1) on the transverse momentum compared with other
hadrons (2 – protons, 3 – charged pions) in (p + Pb)-collisions at√
SNN = 5.02 TeV. Vertical markers indicate the statistical uncertain-
ties, rectangles indicate the statistical measurement errors.p + p collisions; TAB is a nuclear overlap function [13],
calculated using the Glauber model.
The nuclear modification factor for ϕ-mesons in
p + Pb collisions at √SNN= 5.02 TeV for the case of
the 0–100% centrality is shown in Fig. 3 in comparison
with results for other hadrons. Production of ϕ-mesons
and other hadrons in p + Pb collisions is evidently not
suppressed at high transverse momentum as the nuclear
modification factor is consistent with unity within the
uncertainties. At intermediate transverse momentum the
enhancement of hadron production is observed in com-
parison with the elementary p + p interactions. This en-
hancement is larger for baryons than for mesons.
4. Summary
The obtained results show that at high transverse mo-
mentum production ofϕ-mesons and other hadrons is not
suppressed in p + Pb interactions with respect to binary
scaled p + p collisions. This observation confirms the
assumption that the suppression of hadron production
observed in central heavy nuclei collisions at the LHC
cannot be explained by the cold nuclear matter effects
and may be an indication of QGP formation.At intermediate transverse momentum a weak en-
hancement of ϕ-meson production is observed. This
ϕ-meson enhancement can be qualitatively explained by
the Cronin effect also observed at RHIC before [14].
It should be noted, however, that the magnitude of the
Cronin effect is larger at RHIC energies than at the LHC.
The results presented in this paper can be used for
the numerical estimation of cold nuclear matter effects.
Fully understanding these effects is important for inter-
preting the results obtained in heavy nuclei collisions.
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